. The function and biophysical properties of low threshold Kv1 current in control of membrane resonance, subthreshold oscillations, and bursting in mesencephalic V neurons (Mes V) were examined in rat brain stem slices (P8 -P12) using whole cell current and voltage patch-clamp methods. ␣-dendrotoxin application, a toxin with high specificity for Kv1.1, 1.2, and 1.6 channels, showed the presence of a low-threshold K ϩ current that activated rapidly around Ϫ50 mV and was relatively noninactivating over a 1-s period and had a V 1/2 max of Ϫ36.2 mV. Other toxins, specific for individual channels containing either Kv 1.1, 1.2, or 1.3 ␣-subunits, were applied individually, or in combination, and showed that Kv1 channels are heteromeric, composed of combinations of subunits. In current-clamp mode, toxin application transformed the high-frequency resonant properties of the membrane into a low-pass filter and concomitantly reduced the frequency of the subthreshold membrane oscillations. During this period, rhythmical bursting was transformed into low-frequency tonic discharge. Interestingly, in a subset of neurons that did not show bursting, low doses of ␣-dendrotoxin (␣-DTX) sufficient to block 50% of the low threshold Kv1 channels induced bursting and increased the resonant peak impedance and subthreshold oscillations, which was replicated with computer simulation. This suggests that a critical balance between inward and outward currents is necessary for bursting. This was replicated with computer simulation. Single cell RT-PCR and immunohistochemical methods confirmed the presence of Kv1.1, 1.2, and 1.6 ␣-subunits in Mes V neurons. These data indicate that low threshold Kv1 channels are responsible for membrane resonance, contribute to subthreshold oscillations, and are critical for burst generation.
I N T R O D U C T I O N
It is well known that individual action potentials and the subsequent spike discharge patterns exhibited by neurons are controlled, in part, by the palette of intrinsic ion channels within their membranes (Bean 2007; Hille et al. 1999) . Potassium channels are fundamental for control and shaping of spike discharge patterns and are extremely diverse because of the large numbers of gene families and combinations of subunits, among other factors, that form individual channels (Coetzee et al. 1999; McKeown et al. 2008) . Precisely how the diverse numbers of potassium channels are integrated to control membrane excitability and varied discharge patterns is still a challenge in neurobiology. The Kv1 family of potassium channels is found in a number of cell types within the CNS (Coetzee et al. 1999; Harvey 2001) and produce currents that are predominately low threshold, rapidly activating, and slowly inactivating, thus well suited to control subthreshold events such as resting potential, subthreshold oscillations, and action potential threshold. The properties of these channels are also appropriate to produce the previously described membrane resonance, which underlies burst generation and high-frequency discharge in trigeminal mesencephalic V neurons (Mes V) (Wu et al. 2001 (Wu et al. , 2005 . Recently, evidence was presented indicating the presence of these channels in Mes V soma (Saito et al. 2006) .
Historically, Mes V neurons are important proprioceptive sensory neurons that mediate the jaw stretch reflex and are involved in oral-motor control. They are unique sensory neurons because their cell body is located in the brain stem as opposed to a sensory ganglion. Furthermore, they have a stem axon that bifurcates into a peripheral process that innervates jaw closer muscle spindles or periodontal receptors (Jerge 1963 ) and a central axon that projects to trigeminal motoneurons and other brain stem neurons (Liem et al. 1991; Luo and Dessem 1996b) . Additionally, because of their location within the brain stem, they receive synaptic inputs and can function as interneurons as well (Buisseret-Delmas et al. 1997; Kolta et al. 1995; Liem et al. 1992) .
During mastication, these neurons produce high-frequency discharge (Hidaka et al. 1999) . In rat slice preparations, starting around P6, in response to maintained depolarization, many of these neurons exhibit rhythmical burst discharge with intraspike frequencies often exceeding 150 Hz (Pedroarena et al. 1999; Wu et al. 2001) . The basis for the high-frequency discharge relates to the property of voltage-dependent membrane resonance and presence of subthreshold oscillations, which initiate burst generation (Wu et al. 2001 (Wu et al. , 2005 . Persistent sodium currents (I NaP ) in Mes V neurons are critical for these discharge patterns (Enomoto et al. 2006; Wu et al. 2005) , and in transgenic mice devoid of sodium channel 1.6, I NaP in these neurons is substantially reduced, maintained rhythmical bursting is absent, and subthreshold oscillations are attenuated (Enomoto et al. 2007 ). Although much is known about the role of sodium channels in these phenomena, membrane resonance, which is fundamental to Mes V excitability, is dependent on a low-threshold, rapidly activating K ϩ current (Wu et al. 2001 ), of which the molecular identity and properties are not known. This study uses electrophysiological, molecular, and pharmacological techniques, in combination with specific K ϩ channel toxins, and computer simulation techniques, to examine the identity of the low-threshold K ϩ channel(s) and the associated subunits responsible for bursting and the underlying subthreshold events. We found that ␣-dendrotoxin (␣-DTX), which blocks channels containing Kv1.1, 1.2, and 1.6 ␣-subunits (Harvey and Robertson 2004) , reduced the high-frequency resonance and subthreshold oscillations and transformed rhythmical bursting into low-frequency tonic discharge. However, in Mes V neurons that could not be induced to burst (nonbursting neuron), low doses of ␣-DTX (5 nM) induced bursting and enhanced resonance, which was replicated by computer simulation. This suggests a critical balance between Kv1 currents and I NaP is necessary for burst generation.
M E T H O D S

Preparation for whole cell recording
Whole cell patch-clamp experiments were performed on trigeminal Mes V neurons from coronal slices of 8-to 12-day-old SpragueDawley rat brain stem as described previously (Enomoto et al. 2007; Wu et al. 2001) . Animal protocols were approved by the Institutional Animal Care and Use Committee at UCLA.
Solutions
Solutions were bubbled with 95% O 2 -5%CO 2 and maintained at a pH of 7. 25-7.3 (22-24°C) . The cutting solution was composed of (in mM) 126 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 1 CaCl 2 , 5 MgCl 2 , and 4 lactic acid. The recording solution consisted of (in mM) 124 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 10 glucose, 2 CaCl 2 , and 2 mM MgCl 2 . The incubation solution was identical to the recording solution except for the addition of 4 mM lactic acid.
The normal pipette solution used for current-clamp recording contained (in mM) 115 K-gluconate, 9 NaCl, 25 KCl, 1 MgCl 2 , 10 HEPES buffer, 0.2 EGTA, 3 K 2 -ATP, and 1 Na-GTP, with a pH of 7.25-7.30 and osmolarity of 280 -290 mOsm. The pipette solution used during voltage-clamp experiments for recording the Kv1 currents contained (in mM) 120 KMeSO 4 , 2 MgCl 2 , 5 EGTA, 10 HEPES, 2 Na 2 ATP, 0.2 Na 2 GTP, 12 phosphocreatine, and 0.1 leupeptin; pH was adjusted to 7.2 with KOH and osmolarity to 280 -290 mOsm/l. This solution was used to prevent potential rundown of currents and improve the quality of the recorded currents in response to depolarizing command voltages over long time periods. TTX (0.5 M) and 0.1 mM CdCl 2 were added to block voltage-dependent Na ϩ and Ca 2ϩ channels, respectively. The following drugs were added to the bath at various concentrations indicated in text: ␣-DTX, dendrotoxin-K (DTX-K), r-margatoxin (MgTX), rTityustoxin-K␣ (TiTx), and TTX were obtained from Alomone Labs (Jerusalem, Israel). Bovine serum albumin (BSA, 0.1%) was added to ␣-DTX, DTX-K, and MgTXcontaining solutions. CdCl 2 (100 M) and 4-AP (50 M) were obtained from Sigma Chemicals (St. Louis, MO).
Whole cell recording
Slices were perfused with oxygenated recording solution (2 ml/ min) while secured in a recording well mounted on a Zeiss fixed-stage Axioskop microscope equipped with bright-field and fluorescence optics. Neurons were visualized with enhanced resolution using infrared differential video microscopy as described previously (Del Negro and Chandler 1997) . Patch recordings were obtained with an Axopatch 1D (Axon Instruments, Foster City, CA) in concert with pCLAMP acquisition software (version 9.2, Medical Devices, Sunnyvale, CA) operating on a Pentium-based personal computer. Details of current-and voltage-clamp methods can be found elsewhere (Enomoto et al. 2006; Wu et al. 2001 Wu et al. , 2005 . Data collection started 10 min after gaining whole cell access. Input resistance (R inp ) was determined from the slope of the steady-state I-V relationship in response to a series of voltage command steps from a holding potential of Ϫ55 mV. The region fitted extended between Ϫ55 and Ϫ65 mV to avoid contamination from activation of inward rectifier currents present in these neurons. Action potential characteristics such as threshold, half-width, early afterhyperpolarization (AHP) amplitude and duration, and rheobase for spike initiation in response to a short (3 ms) current pulse were measured. The threshold for action potential initiation in response to a brief, 3-ms current pulse was defined as the membrane potential on the rising phase of the spike where the dV/dT inflection exceed 50 mV/s. Additionally, instantaneous and mean frequencies in response to a 1-s current pulse were obtained (Tanaka et al. 2003) .
Subthreshold membrane potential oscillation frequency obtained within 500 ms of onset of rhythmic bursting or during the interburst periods of a bout of rhythmic bursting were quantified by fast Fourier transform (FFT) of the voltage region between two subsequent burst discharges. The FFT was constructed from 1-s epochs. The results of three consecutive epochs were averaged.
Frequency-domain analysis (Puil et al. 1989; Wu et al. 2001 ) was performed by injecting a computer-generated impedance amplitude profile (ZAP) input current of changing frequencies between 0 and 250 Hz into neurons, recording the resulting voltage responses, and calculating impedances as described previously (Tanaka et al. 2003; Wu et al. 2001) . The magnitude of the impedance was plotted against frequency to give a frequency-response curve (FRC). Once the FRC was obtained, the resonant behavior, if present, was quantified by measuring the resonant frequency (frequency at the peak of the hump in the FRC) (Fres) and the Q value (calculated by measuring the impedance at Fres and dividing that by the magnitude of the impedance at the lowest frequency measured) (Hutcheon and Yarom 2000) .
The effects of drugs applied to the bath solution were obtained after 3-5 min. In most instances, toxin application was rapid, approaching a peak within 2 min of application. Currents measured during voltage clamp were discarded if they showed obvious signs of rundown during control conditions or if a stable baseline (Ͻ10% fluctuation of currents) could not be established during the experiment. However, during off-line analysis to account for any rundown, the control data points were fit to a linear curve and were extrapolated to the drug delivery period to determine a control value. The extrapolated control data and drug data were compared. Typically, three consecutive data points were averaged to establish a control and drug mean value.
Computer simulations, using a single compartment Hodgkin-Huxley-type model, were performed with the model generated previously (Wu et al. 2005) . Experimentally measured parameters for (in)activation curves, time constants, and maximal conductances can be found there. All simulations were performed with XPPAUT.
Single-cell RT-PCR
To minimize RNase contamination, sterile gloves were worn at all time during the procedure, and all working surfaces and equipment were thoroughly cleansed with ethanol and RNAse AWAY ribonuclease and nuclease disinfectant (Molecular BioProducts, San Diego, CA). Sterilized barrier air displacement pipette tips were used to aliquot solution into the tubes. The microcentrifuge tubes, tips, and the piston pipettes were treated for 15 min with UV light before use. The patch electrodes used to harvest the cells were sterilized using 95% ethanol, distilled water, and heat at 149°C overnight.
Each microcentrifuge tube of master mix contained the following reagents from a one-step Qiagen RT-PCR kit: 1.375-5.375 l Rnasefree ultrapure H 2 O, 5 l 5ϫ RT-PCR buffers, 2.5 l Q-solution, 3.5 l MgCl 2 , 1 l dNTPs, 0.125 l of 40U/l RNAsin ribonuclease inhibitor, and 1 l of one-step RT-PCR enzyme mix. Final volume of agents was 25 l per tube. The 2 l of 20 M of appropriate primers was also added to the reaction tubes. All reagents except RNasin (Promega, Madison, WI) were obtained from Invitrogen (Carlsbad, CA). PCR primers were developed from GenBank sequences with commercially available OLIGO software (Version 6.6, National Biosciences, Plymouth, MN). Kv1.1 mRNA (GenBank accession no. P16388) was detected with a pair of primers 5Ј-GAA GAA GCT GAG TCG CAC TTC TCC AG and 5Ј-TAA ACA TCG GTC AGG AGC TTG CTC TT, which give a PCR product of 441 bp. Kv1.2 mRNA (GenBank accession no. X16003) was detected with a pair of primers 5Ј-GAA AAG TAG AAG TGC CTC TAC CAT AA and 5Ј-TTG ATA TGG TGT GGG GGC TAT GA, which give a PCR product of 458 bp. Kv1.6 mRNA (GenBank accession no. X17621) was detected with a pair of primers 5Ј-CTA GTG CAA CGT CAC GAG CAG CAG C and 5Ј-AAG TGA CGT GGG TAT ACT GGC CTT, which give a PCR product of 500 bp. For the probe control, the GAPDH primers 5Ј-ACC ACA GTC CAT GCC ATC AC and 5Ј-TCC ACC ACC CTG TTG CTG TA were used in combination with the viral probe (452 bp).
RT-PCR tubes with solutions were always placed on dry ice until cytoplasm was introduced because of RNA liability. After harvesting, the tubes were immediately placed in an incubator to undergo reverse transcription at 50°C for Ն30 min. The single-cell cDNA generated from the reverse transcription step was subjected to conventional PCR using a programmable thermal cycler MJ Research, Waltham, MA) . The PCR phase consisted of 41 cycles of the following parameters: 94°C for 30 s, 60°C for 30 s, and 72°C for 40 s. The product was held at 4°C gel electrophoresis analysis.
About 25 l of product of each amplification reaction was mixed with 2.5 l 10ϫ gel loading buffer of the following composition: sucrose 65% (wt/vol); Tris-HCl (pH 7.5, 10 mM; EDTA, 10 mM; and bromophenol, 03% (wt/vol) (Invitrogen). Subsequently, an aliquot of 15 l of mixtures was run in parallel with 5 l of a 100-bp molecular weight ladder (Invitrogen) on 2% PCR-grade agarose (Fisher with Tris-Borate EDTA, Sigma) stained with 10 mg/ml ethidium bromide (Sigma). Each gel was run for 90 min at 85 V and 400 mA using a DNA-Plus gel box (USA Scientific, Ocala, FL) powered by an EPS-200 electrophoresis power supply (Pharmacia Biotech, Piscataway, NJ). Gels were visualized under ultraviolet illumination using a GelDOC 2000 transilluminator (Bio-Rad, Hercules, CA) in conjunction with a video integration control unit (Bio-Rad) and VM901B monitor (ProVideo, Washington, DC). Photographs were printed using a P91 thermal printer (Mitsubishi, Tokyo, Japan) on P68U K65H-CE thermal-sensitive paper (Mitsubishi).
PCR procedures used were designed to minimize the chance of cross-contamination (Cimino et al. 1990) . Negative controls for contamination from extraneous and genomic DNA were run for every batch of neurons. Dehydrogenase (GAPDH) primers were used in the negative and positive control tubes. To ensure that genomic DNA did not contribute to the PCR products, neurons were aspirated and processed in the normal manner except that the reverse transcriptase was omitted. Contamination from extraneous sources was checked by replacing the cellular template with water. Both controls were consistently negative in these experiments. To determine if false-positive reaction to primers occurred because of contamination of extracellular matrix, a subset of 20 experiments was performed as follows. The pipette was lowered down to the surface of a Mes V neuron. Then the pipette was removed, and the procedures for single cell RT-PCR were implemented. Only 1/20 experiments showed a band in the gel for one of the Kv1 transcripts, indicating that the single cell RT-PCR (scRT-PCR) data were caused by harvesting cytoplasmic RNA as opposed to extracellular matrix.
Immunohistochemistry
Postnatal day 1-3 (n ϭ 3) and 12-15 (n ϭ 3) rats were transcardially perfused with cold PBS (0.02 M, pH 7.4), followed by ice-cold 4% paraformaldehyde. Brains were removed, postfixed for 6 -12 h at 4°C, and placed in 30% sucrose in PBS until sectioned. Fortymicrometer coronal, serial sections through the mesencephalic trigeminal nucleus were cut using a cryostat. Dilution studies were performed for each antibody to determine the concentration needed for optimal immunoreactivity. Free-floating immunohistochemistry was used throughout, and reaction times were standardized to decrease variability between animals. Alternate sections were processed for Kv1.1, Kv1.2, or Kv1.6 immunohistochemistry; sections at 160-m intervals were collected and counterstained with cresyl violet. Following sectioning, cross-sections were rinsed three times with PBS and were incubated for 48 -72 h at 4°C in either polyclonal anti-Kv1.1 (1:200), Kv1.2 (1:200), or Kv1.6 (1:70) solutions (Alomone Labs). All antibodies were diluted in a solution containing 0.3% Triton X-100, 0.5% BSA, and 1.5% normal goat serum in PBS. Following incubation in the primary antibody, sections were processed with the avidin-biotin method using an Elite Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Peroxidase activity was visualized with a solution consisting of 0.01% 3,3Ј-diaminobenzidine tetrahydrochloride, 0.0001% H 2 O 2 , and 0.00004% nickel chloride in PBS (0.1 M, pH 7.4). Following all immunohistochemical procedures, the sections were mounted on slides, dried overnight, dehydrated, and coverslipped. During each experiment, random tissue sections were used as negative controls. These sections were treated to every step of the histochemical processing except exposure to the primary antibody and were subsequently void of any staining (data not shown). In addition, a random sample of sections was reacted with primary antiserum that had been preincubated for 24 h with control antigen peptides (Cimino et al. 1990) . No immunoreactivity was observed in these sections (data not shown).
The temporal expression of these subunits and a qualitative assessment of the cellular localization of the subunits were performed using a Zeiss Axioskop and associated SPOT digital camera system.
Data analysis
Data were collected and analyzed with a combination of software [Clampfit v9.2 (Axon Instruments), Sigma Plot v9.0 (Systat Software, Richmond, CA), StatView (SAS Institute, Cary, NC), and Microsoft Excel]. The results are reported as mean Ϯ SE. Comparisons of group means were performed with one-way ANOVA (ANOVA and post hoc analysis using Bonferonni test for differences between multiple group means) and Student t-test, with differences considered significant at P Ͻ 0.05 unless otherwise stated.
R E S U L T S
Recordings were performed on Ͼ200 Mes V neurons (P8 -P12) throughout the rostral-caudal border of the Mes V nucleus to avoid sampling bias. This age group was chosen because it marks the period of transition to adult-like mastication from primitive suckling behavior (Westneat and Hall 1992) . After whole cell access, current-clamp recording was initiated, and the neuron was kept for further study if 1) the amplitude of the action potential (AP) was Ͼ80 mV and 2) and the resting potential (RMP) was more negative than Ϫ55 mV. The method for recording and identification of Mes V neurons was described in detail, previously (Del Negro and Chandler 1997; Wu et al. 2001 Wu et al. , 2005 .
␣-DTX and cellular excitability
Previously, we showed that rhythmical bursting of Mes V neurons in response to maintained extrinsic depolarization results from the emergence of subthreshold oscillations, which depend on the presence of membrane resonance. Intraburst high-frequency discharge was shown to depend on the frequency of the subthreshold oscillations (Wu et al. 2001 (Wu et al. , 2005 .
The underlying ionic basis for these phenomena are the presence of a low-threshold, 4-AP-sensitive, K ϩ current responsible for resonance and the amplification of the resonance and subthreshold oscillations by a persistent sodium current (I NaP ) (Wu et al. 2001 (Wu et al. , 2005 . Figure 1 , A-C shows an example of bursting, subthreshold oscillations, and resonance, whereas Fig. 1D shows the impedance-frequency relationship (FRC) based on data obtained for a ZAP stimulus protocol (Fig. 1C , bottom trace; see METHODS). A distinct band-pass filter characteristic indicative of membrane resonance (Hutcheon and Yarom 2000) in control conditions was present in all neurons examined.
Although 4-AP blocks high-frequency resonance in Mes V neurons (Wu et al. 2001) , it also affects transient outward currents as well (Del Negro and Chandler 1997) . Therefore to more clearly determine the nature of the low threshold K ϩ currents and subunits involved in burst generation, we applied the more selective K ϩ channel blocker, ␣-DTX, which blocks currents through channels composed of Kv1.1, 1.2, and 1.6 ␣-subunits (Harvey 2001) . In all neurons examined, application of 100 nM ␣-DTX (a saturating dose determined in voltage clamp; Fig. 5E ) transformed stimulus-induced rhythmical bursting into tonic discharge of lower frequency ( Fig. 2A , bottom trace). This is shown, clearly, in the composite instantaneous frequency-spike number interval plot ( Fig. 2B ; n ϭ 9 neurons). For this plot, the x-axis approximates the number of spike intervals within a typical burst and therefore only the first 40 spike intervals for tonic discharge after toxin application are shown. In some cases after drug application, depolarization to the same level of membrane potential necessary for burst initiation in control conditions produced spike discharge that showed prominent depolarization block (data not shown). However, reduction of the stimulus intensity typically produced tonic discharge of constant spike amplitude.
As shown previously (Del Negro and Chandler 1997), application of a one second current pulse from resting potential typically induced phasic spike discharge consisting of a few spikes that exhibited rapid spike adaptation (Fig. 2C) . However, after application of ␣-DTX (100 nM), the threshold stimulus intensity (rheobase) to induce repetitive spike discharge was reduced (545.0 Ϯ 161.5 vs. 126.7 Ϯ 58.6 pA; P Ͻ 0.02, n ϭ 6), and the number of spikes during a 1-s current pulse increased, significantly, at all intensities examined (Fig.  2C, bottom) . This is shown in the summary composite plot of number of action potentials in a 1-s pulse as a function of stimulus intensity for control and during drug application (Fig.  2D) . Despite the dramatic changes in spike discharge pattern, ␣-DTX produced more modest effects on resting potential, spike threshold, and spike amplitude induced by a 3-ms current pulse from resting potential (data not shown). Table 1 summarizes the effects of drug application on passive membrane properties and spike characteristics.
␣-DTX alters membrane resonance and subthreshold oscillations
Membrane depolarization close to the threshold for burst generation produces subthreshold, small amplitude, waxing, and waning oscillations in Mes V neurons (Pedroarena et al. 1999; Wu et al. 2001) (Fig. 1, A A: ␣-DTX (100 nM) transformed burst discharge into tonic discharge. B: summary plot of the frequency-spike interval relationship before and during toxin application. Although spike discharge is tonic and of lower frequency after toxin application, only the 1st 40 spike intervals after stimulus onset are shown for comparison with spiking during burst discharge (control; n ϭ 9 neurons, SE bars shown). The x-axis represents the approximate number of spike intervals for a typical burst. C: action potentials elicited by 1-s, 300-pA current step in the same neuron before and after addition of 100 nM ␣-DTX to the external solution. Stimulus was subthreshold for burst generation. Under control conditions, 2 spikes were elicited by a 300-pA current pulse. After ␣-DTX, the neuron showed tonic discharge. D: summary composite plot of number of actions potentials evoked as a function of stimulus intensity. Toxin application clearly reduced the threshold to elicit action potentials and transformed the discharge pattern from phasic discharge into a stimulus-dependent tonic discharge.
onset of burst generation occurs. In eight neurons that showed bursting, ␣-DTX (100 nM) reduced the frequency of the subthreshold oscillations ( Fig. 3A ; mean control peak frequency 63.7 Ϯ 6.9 (SE) Hz vs. DTX 18.2 Ϯ 3.1 Hz; n ϭ 8, P Ͻ 0.01).
A typical example of resonance induced by a ZAP input stimulus before and during ␣-DTX application is shown in Fig.  3B . Notice that the peak amplitude response to the ZAP stimulus after toxin application occurs at lower stimulus frequencies. Figure 3C is the FRC relationship constructed from the raw data and clearly shows the band-pass filter characteristics of the membrane, indicative of resonance, with a Fres of ϳ55 Hz (control). For all neurons tested in response to ␣-DTX, the Fres was shifted significantly to the left (control Fres 41.2 Ϯ 5.6 Hz vs. DTX 19.1 Ϯ 5.6 Hz; n ϭ 8, P Ͻ 0.001), effectively abolishing the high-frequency resonance (Q-value control 2.1 Ϯ 0.3 Hz vs. DTX 1.4 Ϯ 0.1 Hz; n ϭ 8, P Ͻ 0.02) and band-pass filter characteristics of the membrane (Fig. 3C) , thus transforming the membrane response to one resembling a low-pass filter. Concomitantly, the low-frequency impedance was increased. These data indicate that high-frequency, subthreshold oscillations and membrane resonance require the presence of an ␣-DTX-sensitive low-threshold K ϩ current.
Reduction of Kv1 conductance induces bursting in nonbursting neurons
Rhythmical bursting in response to maintained membrane depolarization occurs in ϳ50% of the recorded Mes V neurons around P8 in the rat, and this approaches ϳ85% by P12 (Wu et al. 2001) . Previously, we suggested that a critical balance (parameter space) between I NaP and low-threshold K ϩ conductances is necessary for bursting (Wu et al. 2005 ). Although we do not know if for nonbursting neurons the absolute gNaP is too low or the gKv1 is too high, the absence of bursting could be caused by an imbalance in those conductances. Therefore we tested the hypothesis that, in neurons that could not be induced to burst with membrane depolarization (nonbursting neurons), bursting would occur if the Kv1 conductance was partially blocked. In eight neurons, we applied 5 nM ␣-DTX, which according to the dose-response curve suppressed ϳ50% of the Kv1 conductance (Fig. 5E ). In five of eight nonbursting neurons (Fig. 3D, top) , bursting was induced (Fig. 3D, bottom) , which could be transformed into tonic discharge by further increase in toxin concentration (data not shown). Before toxin application, membrane depolarization typically evoked only one to three spikes at the onset of the pulse (Fig. 3D, top) . Figure 3E shows the effects of 5 nM ␣-DTX on subthreshold oscillations. After toxin applications, the subthreshold oscillations became larger, and based on FFT analysis, the predominate frequency component of the oscillations was lower (control mean predominate frequency 100.8 Ϯ 4.3 Hz vs. DTX 66.5 Ϯ 2.3 Hz; n ϭ 5, P Յ 0.001; Fig. 3E ). The shift in the dominant frequency component of the subthreshold oscillations now approached that observed in the population of neurons that burst in the absence of toxin (63.7 Ϯ 6.9 Hz, n ϭ 8). Figure 3F shows an example of the FRC before and after toxin application. The FRC was obtained at Ϫ50 mV because, at more depolarized membrane potentials, the ZAP stimulus induced spiking, making impedance analysis impossible. At this membrane potential, the impedance at all frequencies below the peak resonant frequency observed in 3 . ␣-DTX alters membrane resonance and the characteristics of subthreshold oscillations. A: application of 100 nM ␣-DTX reduced the amplitude and frequency of subthreshold oscillations. B: membrane potential response to computer-generated impedance amplitude profile (ZAP) input current stimulus before and during toxin application. C: the impedance-frequency relationship before and during toxin application. Note the transformation from a band-pass (resonance) to a low-pass filter after toxin application. Holding potential Ϫ50 mV. D: in some neurons that did not exhibit bursting, application of 5 nM ␣-DTX resulted in rhythmical bursting in response to maintained depolarization. E: bursting was associated with an increase in the amplitude of the subthreshold oscillations after toxin application. F: impedance-frequency plot in response to ZAP input current stimulus obtained at Ϫ50-mV membrane potential.
control was enhanced substantially, but the Fres was shifted, modestly, toward lower frequencies after drug application (Fres control 68.0 Ϯ 6.5 Hz vs. DTX 58.5 Ϯ 6.5 Hz; n ϭ 5, P Ͻ 0.02; Fig. 3F ). Interestingly, although not statistically significant, the mean Q-value was shifted to lower values after 5 nM toxin application (control 4.1 Ϯ 0.5 Hz vs. DTX 2.9 Ϯ 0.6 Hz; P Ͼ 0.05, n ϭ 5), which was similar to that observed for the population of bursting neurons prior to toxin (2.1 Ϯ 0.3, n ϭ 8).
COMPUTER SIMULATION OF BURSTING. Previously we showed with computer simulations, which used Hodgkin-Huxley formalism and realistic conductances obtained from Mes V neurons, that bursting behavior, resonance, and subthreshold oscillations in response to membrane depolarization replicates most of the experimental observations (Wu et al. 2005) . Furthermore, we showed with model simulations that reducing the low-threshold K ϩ conductance by Ͼ80% in a bursting neuron resulted in low-frequency tonic spiking, similar to that found presently when a saturating dose of toxin was applied. In this study, using the same model, simulated bursting ( Fig. 4B ) was blocked by doubling the low-threshold Kv1 conductance (gK ϭ 12 relative units; Fig. 4A ). This effectively simulates a nonbursting neuron found in a population of Mes V cells. Reduction of gKv1 by 50% (gK ϭ 6) reinstated bursting as expected and increased the amplitude of the subthreshold oscillation. In this example, the Fres was 136 Hz for the nonbursting condition and decreased to 125 Hz after 50% reduction in gK (bursting), whereas the impedance at Fres increased by 156%. The inset shows the percent change in burst cycle duration and burst duration as a function of changes in gK max parameter (relative units) for a constant gNaP. When gK was set to Ͼ8, bursting was completely blocked (arrow right side). Similarly, when gK was reduced to Ͻ2.5, tonic discharge ensued (arrow left side), similar to that found with saturating doses of Kv1 toxin. Reduction of gNaP by as little as 6% in the model will also simulate a nonbursting neuron (Wu et al. 2005) (Fig. 4C) . When gK is reduced by 50%, bursting was reinstated and the oscillations were enhanced (Fig. 4D) . These data and the data from the previous study on the role of I NaP (Wu et al. 2005) suggest that an appropriate parameter space between gNaP and gKv1 (as opposed to absolute value of conductances) is necessary for bursting to occur.
Voltage-clamp analysis of low threshold, ␣-DTX-sensitive
To determine the properties of the ␣-DTX-sensitive component of the outward current, voltage-clamp experiments were performed. In solution designed to isolated outward currents, command voltage steps from Ϫ75 to Ϫ15 mV, in increments of 5 mV, were applied from a holding potential of Ϫ90 mV to elicit outward currents. Typical responses to a family of voltage command steps are shown in Fig. 5A before (top trace) and during ␣-DTX (100 nM, middle trace) application. The ␣-DTX-sensitive component was obtained by subtraction and is shown in Fig. 5A (bottom trace). Based on the dose-response relationship obtained by examining the effects of drug on the current response to a step command to Ϫ40 mV, a saturating dose of 100 nM was used for these experiments (Fig. 5E) . Although a rapid, transient outward current during control was observed in most neurons (Del Negro and Chandler 1997), the ␣-DTX-sensitive component showed either no rapid, transient component or a small, slowly inactivating component at Ϫ40 mV. In two of six neurons, inactivation was Ͻ10%, whereas in the remaining four neurons, the mean percentage inactivation was 23.7 Ϯ 4.8%. The ␣-DTX-sensitive current was typically fast activating (time to peak 9.2 Ϯ 1.9 ms at Ϫ40 mV, n ϭ 5) and activated at membrane potentials below spike threshold. A typical example of the steady-state I-V relationship for the total outward current and the ␣-DTX-sensitive and -insensitive components are shown in Fig. 5B . Steady-state ␣-DTX-sensitive current was obtained by taking the mean of the last 15 ms of current before the termination of the pulse to minimize any influence from transient currents. Based on such data, a summary plot of normalized conductance versus command potential and fit to a Boltzmann function is shown in Fig. 5C . Typically, the ␣-DTX-sensitive steady-state component activated at approximately Ϫ50 mV and was fully activated around Ϫ20 mV, with a mean V 1/2max of Ϫ36.2 mV. In contrast, over the voltage range examined, the ␣-DTX-insensitive high-threshold component was not fully activated. Furthermore, the majority of the outward current around spike threshold (approximately Ϫ46 mV) was comprised of ␣-DTX-sensitive current, whereas this percentage became less at higher command potentials because of activation of high-threshold outward current. A summary plot of percentage of total steady-state outward current versus command potential in the presence of ␣-DTX (100 nM) is shown in Fig. 5D . In a subset of experiments, deactivation time constant for the low-threshold current was determined from the subtracted ␣-DTX current by fitting a single exponential to tail currents evoked by a family of command potentials from Ϫ30 to Ϫ60 mV from a holding potential of Ϫ20 mV (Fig. 5F ). As A: simulation of nonbursting neuron by increasing gKv1 by 100%(gKv1 ϭ 12 arbitrary units) with maintained gNaP. Note spike discharge at the onset of the pulse only. Normal bursting is reinstated when the gKv1 conductance is lowered by 50% (gKv1 ϭ 6), as expected. Inset: range of gKv1 conductances for bursting to occur. When the conductance is below a critical point, tonic discharge occurs, and when it is too high, complete block occurs. C and D are the same as A and B except a nonbursting neuron was simulated by lowering the gNaP by 6% and reinstating bursting by lowering gKv1 by 50% (gKv1 ϭ 3). The bottom traces show the subthreshold oscillations during the various conditions. Lowering gKv1 enhances the amplitude of the oscillations, as shown experimentally.
shown, deactivation was Ͻ6 ms (Fig. 5G ) in this narrow voltage region typically obtained just before burst onset when subthreshold oscillations are largest.
Subunit-specific toxins block low threshold current
To gain more insight into the particular subunit composition of low-threshold Kv1 channels responsible for Mes V excitability, specific Kv1 channel toxins were applied, and the resulting steady-state K ؉ currents were recorded in voltage clamp. For all experiments, a standard command pulse from Ϫ90 to Ϫ40 mV was applied for 400 ms. For comparison, the effects of 100 nM ␣-DTX on the total low-threshold outward current (Fig. 6A) is shown. We first examined the effects of the specific Kv1.1 toxin DTX-K (100 nM; K D ϳ 5 nM) (Owen et al. 1997 ). In all neurons tested, the low-threshold current was blocked, substantially, within 100 s of application (tau ϭ 73.1 Ϯ 4.2 s; Fig. 6B ). In all instances, the toxin-sensitive current exhibited rapid onset [time to peak (TP) ϭ 3.7 Ϯ 0.88 ms, n ϭ 5] at Ϫ40 mV (inset). All neurons showed a small degree of slow inactivation Ͼ10% that was not analyzed further (mean, 21.0 Ϯ 4.0%, n ϭ 5). For the Kv1.2-specific toxin, rTiTX (100 nM, n ϭ 5, K D ϳ 0.2) (Werkman et al. 1993) , the mean TP was 6.4 Ϯ 1.6 ms, whereas the mean percent inactivation was Ͼ10% in three of five neurons tested (mean, 16.4 Ϯ 2.6%, n ϭ 3, inset) and the tau for time to block was 77.3 Ϯ 14.7 s (Fig. 6C) . Similar data were obtained for the Kv1.3 toxin, MgTX (30 nM, n ϭ 5, K D ϳ 30 pM) (GarciaCalvo et al. 1993) (Fig. 6D) . The mean TP was 4.0 Ϯ 0.78 ms, n ϭ 6 (inset), and the tau for time to block was 55.6 Ϯ 11.4 s, whereas the mean percent inactivation was Ͼ10% in all neurons examined (mean, 23.1 Ϯ 1.5%, n ϭ 6). A composite summary of the percentage change in low-threshold current for all toxins examined is shown in Fig. 6E .
If the Kv1 channels are heteromultimeric consisting of all subunits, and the presence of any ␣-subunit bestows toxin sensitivity on the resulting channels (Harvey 2001 Each point represents steady-state current in response to a voltage step pulse from Ϫ90 to Ϫ40 mV before, during, and after application of either ␣-DTX, dendrotoxin-K (DTX-K), rTityustoxin-K␣ (TiTx), or r-margatoxin (MgTX). Note the different time scales. Inset: toxin-sensitive current obtained by subtraction. E: summary bar chart (mean Ϯ SE) of percent change of low threshold current amplitude in response to different subunit specific toxins. *Significant different between toxin and ␣-DTX (P Ͻ 0.05, 1-way ANOVA and Bonferonni post hoc analysis). FIG. 5. Characteristics of the ␣-DTX-sensitive current. A: potassium currents recorded from whole cell patches in response to a family of voltage step commands (protocol, bottom trace) in control and 100 nM ␣-DTX. The ␣-DTX-sensitive current was obtained by subtraction of current in ␣-DTX from control (currents are leak subtracted). B: composite current-voltage relationships for total current and ␣-DTX-sensitive and insensitive current components. C: composite summary of normalized conductance plot for ␣-DTX-sensitive current (n ϭ 6). The superimposed continuous curve is a Boltzmann fit to data points. D: plot of percentage of ␣-DTX-sensitive steady-state current component as a function of voltage. E: dose-response relationship for suppression of the low threshold Kv1 currents by ␣-DTX. F: example deactivation of ␣-DTX-sensitive currents. Command protocol is below current traces. G: deactivation time constant (tau) vs. membrane potential (n ϭ 6).
subunit-specific toxin should produce no further effect (Guan et al. 2006) . These data suggest that not all Kv1 channels contain the same subunits because ␣-DTX blocked a greater percentage of the low-threshold current compared with the other Kv1-specific toxins (Fig. 6E) .
To further show that Kv1 channels are composed of combinations of Kv 1.1, 1.2, and 1.3 ␣-subunits, occlusion experiments were performed with specific toxins and summarized in Fig. 7 . An example of the protocol is shown in Fig. 7A . Application of 100 nM TiTX substantially reduced the lowthreshold current. Additional application of 100 nM ␣-DTX produced a further small change in the total current, but clearly less than that produced by ␣-DTX alone (Fig. 6E) . The various combinations of two applications of saturating doses of toxins are summarized in Fig. 7 , B and C. In all cases, subsequent application of a second toxin produced additional reduction smaller than that produced by the second toxin alone, suggesting partial overlap of subunits for Kv1 channels. Previously we showed that application of a low dose of 4-AP blocks a low threshold currents with properties similar to the ␣-DTX current described here (Del Negro and Chandler 1997) . Occlusion experiments indicate that, in fact, application of 100 nM ␣-DTX followed by 50 M 4-AP produced minimal further change in block of low-threshold outward current (Fig. 7C) , indicating that 4-AP blocked the same Kv1 channels as ␣-DTX.
scRT-PCR
scRT-PCR was performed on a total of 27 Mes V neurons to profile the presence of mRNA transcripts for Kv1.1, 1.2, and 1.6 subunits using primers specific for those subunits. The cytoplasm was harvested and care was taken to exclude the nucleus. Additionally, the primer for the housekeeping gene GAPDH was also used, and data were only used for those neurons that showed the presence of that mRNA transcript. RT-PCR was performed using primers for all 3 Kv1 subunits for each cell. Figure 8A shows a typical example of a gel that shows bands for two of the three subunits and GAPDH, whereas Fig. 8B shows the summary plot for detection frequency for all 27 neurons examined. Kv1.2 was the most common mRNA detected (14/27) followed by Kv1.1 (8/27) and Kv1.6 (5/27). Typically, only one subunit transcript was observed, and less often, two were seen simultaneously. However, we never observed all three transcripts in the same neuron. Figure 8C shows the bar chart for detection frequency for simultaneous observation of zero to three transcripts. Interestingly, Kv1.1 and Kv1.2 transcripts were observed together in seven of eight neurons, whereas Kv1.1 and Kv1.6 were observed in only one of eight neurons, and Kv1.2 and Kv1.6 were never observed together.
Immunocytochemistry
The scRT-PCR and pharmacology data clearly indicated that Mes V Kv1 channels are composed of a variety of Kv1 subunits. To show that protein is expressed, immunocytochemistry experiments using polyclonal antibodies directed against Kv1.1, Kv1.2, and Kv1.6 were used on alternate sections from six animals: three rats at P1-P3 and three rats at P12-P15. No staining differences were noted between the age groups. Figure  8 shows an example of the staining of Mes V neurons for Kv1, 1.2, and 1.6 subunits from a P8 animal. For all antibodies tested, dense immunoreactivity was observed, with staining absent in nuclear regions. With the relatively thick sections used (40 m), both cytoplasm and membrane showed reactivity. Cytoplasmic staining has been observed previously (Glazebrook et al. 2002; Saito et al. 2006 ) and is likely caused by staining within endoplasmic reticulum and/or continuous trafficking of protein to and from membrane.
D I S C U S S I O N
This study is the first to associate Kv1 channels with membrane resonance, subthreshold oscillations, and burst generation in Mes V neurons. Previously, we showed that voltagedependent membrane resonance is amplified by persistent sodium current and is the basis for initiation of burst generation (Wu et al. 2001 (Wu et al. , 2005 . The underlying resonant current is a A B C FIG. 7. Effects of simultaneous application of specific subunit toxins on low-threshold current. A: example of time course of total low threshold current recorded during TiTX (100 nM) application and followed by ␣-DTX (100 nM). Note that the additional block by ␣-DTX is less than that by ␣-DTX alone (see Fig. 6E ). B and C: summary plots of percentage reduction of total current by initial application of a specific toxin followed by subsequent application of another toxin in the same cell. Each point and connected line represents a single experiment. Black circles represent initial toxin application, whereas open circles indicate subsequent combined application. K ϩ current, but the properties and identity of this current were not established. These findings indicate that this current rapidly activates before burst threshold, shows minimal inactivation, and deactivates rapidly (tau Ͻ 10 ms at Ϫ40 mV), thus making it suitable as a resonant current that contributes to highfrequency subthreshold oscillations underling burst discharge (Hutcheon and Yarom 2000) . Activation of these channels at subthreshold potentials suggests that this current is important in control of subthreshold events occurring just before burst threshold. Furthermore, the steep activation of these channels starting around Ϫ50 mV suggest that they will influence rheobase and action potential threshold, as observed in this study. Importantly, we found that block of ␣-DTX-sensitive current transformed rhythmical burst discharge into low-frequency tonic discharge and eliminated the high-frequency membrane resonance, whereas low doses of ␣-DTX (ϳ5 nM), sufficient to block ϳ50% of the ␣-DTX-sensitive channels, induced bursting in nonbursting neurons. This was replicated with computer simulation, suggesting that a critical balance between steady-state inward and low-threshold outward currents is necessary to support bursting (Wu et al. 2001 (Wu et al. , 2005 .
Properties of ␣-DTX-sensitive current in Mes V neurons
Based on subtraction methods, the ␣-DTX-sensitive steadystate component of the current comprised ϳ70% of the total outward current at Ϫ40 mV, and that was reduced to ϳ50% at Ϫ20 mV. Presumably, this reduction resulted from activation of a high-threshold, DTX-insensitive component. The properties of the ␣-DTX-sensitive component are similar to those of a 4-AP-sensitive (100 M), noninactivating current described previously in Mes V neurons (Del Negro and Chandler 1997) . Furthermore, in this study, occlusion experiments showed that, after application of 100 nM ␣-DTX, application of 4-AP produced minimal additional reduction in the current evoked at Ϫ40 mV, indicating almost complete overlap in the drugsensitive currents. Others have reported in a variety of neuron types, ␣-DTX-sensitive currents that are also blocked by low doses of 4-AP (Coetzee et al. 1999; Glazebrook et al. 2002; Harvey 2001; Locke and Nerbonne 1997; Shu et al. 2007; Storm 1988; Wu and Barish 1992; Yoshida and Matsumoto 2005) and have referred to the current as I D . However, the biophysical properties of that current, such as V 1/2max activation and deactivation time constant, vary somewhat depending on region of brain studied. These differences could be caused by some combination of factors such as different ␣-subunit composition of the channels and/or inclusion of modifying ␤-subunits, association with other proteins (Nakahira et al. 1996) , or different patch configurations used to obtain the data.
Mes V neurons express multiple Kv1 ␣-subunits
Our scRT-PCR, immunohistochemical, and pharmacological experiments using specific toxins indicate expression of Kv1.1, 1.2, and 1.6 ␣-subunits in Mes V neurons. scRT-PCR experiments showed the presence of Kv1.1, 1.2, and 1.6 mRNA transcripts, but not equally. We found that Kv1.2 mRNA was most commonly expressed, whereas Kv1.1 and 1.6 mRNAs were observed, but less frequently. However, this should not be interpreted to mean that the Kv1.2 subunit is the most abundant because uncertainty in the efficiency of RT-PCR exists, and variability in the amplification steps occurs. In 28% of the cells, we found evidence for co-expression of two but not three mRNA subunit transcripts, and this was almost entirely Kv1 and Kv1.2 transcripts, similar to that observed in neocortex (Guan et al. 2006) . The RT-PCR data are consistent with the occlusion experiments showing that simultaneous application of the Kv1.1-and Kv1.2-specific toxins produced less suppression of current compared with application of ␣-DTX, which blocks all three subunits. Because channel block can occur by binding of toxin to only one subunit comprising the channel (Harvey 2001; Hopkins 1998 ) and ␣-DTX blocked a greater percentage of the low-threshold current compared with either DTX-K (Kv1.1 toxin) or TiTx (Kv1.2 toxin), the data suggest that not all of the ␣-DTX-sensitive channels contain both Kv1.1 and Kv1.2 subunits. Similar observations were seen with the specific Kv1.3 toxin, margatoxin (Garcia-Calvo et al. 1993) , suggesting that at least some Kv1 channels are comprised of this subunit, as well. Our immunohistochemical experiments are consistent with our RT-PCR data and are similar to the only other study on Mes V neurons that examined the presence of different Kv1 subunits using immunohistochemical techniques (Saito et al. 2006) . In that study, Kv1.1 and 1.6 subunits were localized to Mes V somas. Clearly, based on toxin applications and molecular methods, variability in Kv1 subunit composition across cells within Mes V nucleus occurs.
␣-DTX alters spike discharge properties
These data are similar to those of others (Bekkers and Delaney 2001; Chi and Nicol 2007; Glazebrook et al. 2002; Guan et al. 2007 ) with respect to the effects of ␣-DTX on spike discharge in response to a 1-s current pulse. In most instances, after toxin application, Mes V neurons showed a lower rheobase and an increase in the number of spikes evoked. Additionally, the brief burst of spikes typically observed at the onset of the stimulus was transformed into low-frequency maintained discharge, similar to that observed in other systems (Foehring and Surmeier 1993; Harvey 2001; Wu and Barish 1992) and is predicted by our computer simulations after 80% or greater block of the low threshold K ϩ current, as shown previously (Wu et al. 2005) . Typically, the presence of low-threshold K ϩ current in spinal DRG sensory neurons ensures that the membrane potential is stabilized and does not produce unwanted repetitive or ectopic discharge (Glazebrook et al. 2002) . However, Mes V neurons, because of their unique location within the brain stem, as opposed to the trigeminal ganglion, can function as interneurons and exhibit rhythmical burst discharge during jaw movements as well (Kolta et al. 1995) . This additional mode of discharge results from complex interactions between low-threshold K ϩ currents and persistent Na ϩ currents that produce subthreshold oscillations (Wu et al. 2005) and suggests an additional role for Kv1 channels in control of Mes V membrane excitability.
Kv1 channels are responsible for membrane resonance and subthreshold oscillations
Previously, we showed that bursting in Mes V neurons requires voltage-dependent amplified membrane resonance, which is the basis for the emergent subthreshold oscillations when the membrane potential is depolarized beyond resting potential. Bursting and high-frequency intraburst spike discharge essentially arise from the high-frequency subthreshold oscillations, of which, the frequency and amplitude depend on the voltage-dependent resonant properties of the membrane, and I NaP (Wu et al. 2001) . The kinetics of the low threshold voltage-dependent K ϩ currents, in conjunction with the passive time constant of the membrane, are responsible for the basic resonant properties in Mes V neurons (Wu et al. 2005) . The interaction of the low-pass filter, as determined by the RC network, and the high-pass filter, determined by the kinetics of the low-threshold resonant K ϩ current, essentially determine the peak resonant frequency of the membrane (Hutcheon and Yarom 2000; Wu et al. 2001) . Membrane depolarization toward spike threshold and activation of I NaP amplifies the resonance and provides the necessary conditions for robust subthreshold oscillations to occur; this effectively destabilizes the membrane potential sufficiently to generate a single spike from a subthreshold oscillation and initiate burst discharge (Wu et al. 2001) . The relatively rapid activation and deactivation of both currents (Ͻ6 ms) at membrane potentials just before burst onset are needed for voltage-dependent highfrequency subthreshold oscillations to occur. The rapid depolarization caused by I NaP is necessary to overcome the strong membrane accommodation, as shown with computer simulation in DRG spinal neurons (Kovalsky et al. 2008) . The presence of low-threshold Kv1 currents with steep voltage dependence serves to limit the duration of membrane depolarization and extent of inactivation of sodium channels, similar to the role of low threshold outward currents on evoked excitatory postsynaptic potentials (EPSPs) in auditory neurons (Oertel 1983) . Clearly, modulation of Kv1 channel properties will influence the bursting properties of neurons that use resonance and subthreshold oscillations for maintaining excitability.
Most studies have focused on the role of I NaP in amplifying resonance and production of subthreshold oscillations. However, in this study, frequency domain analysis showed that the membrane resonance was abolished and the membrane response to a ZAP input stimulus was transformed into a lowpass filter after Kv1 channel block. Furthermore, the predominant frequency of the subthreshold oscillations was shifted to lower values after ␣-DTX. Concomitantly, rhythmical bursting was abolished, which gave way to low-frequency maintained discharge. These changes in Mes V neuron excitability and discharge pattern resemble those found experimentally after low doses of 4-AP and were predicted in the computational model that we generated previously, using K ϩ currents with properties similar to the ␣-DTX-sensitive current described here (Wu et al. 2005) .
Rhythmical bursting in Mes V neurons is determined by a balance between I NaP , low-threshold I K ϩ , and I leak , as shown with computer simulation in this and our previous study (Wu et al. 2005) . Interestingly, in some Mes V neurons that showed no evidence for stimulus-induced bursting (nonbursting neuron), partial block of the ␣-DTX-sensitive Kv1 conductance by ϳ50% induced bursting. This was accompanied by a decrease in the dominant frequency and an increase in the amplitude of the subthreshold oscillations. This most likely resulted from a decrease in apparent leakage conductance (which includes block of any active steady-state Kv1 channels), as well as an increase in impedance at stimulus frequencies below the Fres. Computer simulation predicted these changes and showed that, in simulated nonbursting neurons caused by artificial increase of gKv1 or decrease of I NaP , partial block of Kv1 channels increases the amplitude of the subthreshold oscillations and restores bursting. Although toxin dose-response curves for cycle duration and burst duration were not performed, the computer simulation predicted that, before complete block of Kv1 channels and subsequent onset of tonic discharge, a progressive increase in burst duration with modest changes in cycle duration would occur as a result of the larger effective I NaP that is unopposed by I Kv1 . This is in direct contrast to that observed previously when gNaP is reduced both experimentally and with computer simulation (Wu et al. 2005) . In that case, cycle duration is progressively increased, with modest changes in burst duration before complete block of neuronal discharge. This is most likely because of the recovery from slow sodium inactivation during the interburst period (Enomoto et al. 2006 ) in combination with the reduced level of gNaP activation necessary to amplify the oscillations and start the cycle again. Clearly, the balance of conductances (parameter space), as opposed to absolute value for a particular conductance, is a major determinant for bursting.
Mes V neurons are unique sensory neurons because they are located in brain stem, as opposed to peripheral ganglia. As such, they can have a dual function: code incoming sensory receptor information faithfully and integrate at the soma impinging synaptic inputs from various brain stem sources. Although it is unlikely that during natural rhythmical oral-motor activity, rhythmical bursting in these neurons is generated exclusively by intrinsic membrane resonance, this property could be useful as an adjunct mechanism to reinforce the effects of the oral-motor pattern generator or reflex signals to produce high-frequency spike discharge. Furthermore, Mes V neurons form coupled networks both electrically and via recurrent excitatory connections (Baker and Llinas 1971; Liem et al. 1991; Luo and Dessem 1996a) . The presence of membrane resonance and subthreshold oscillations during vigilant states such as during mastication or during maintained jaw closure, presumably when neuron membrane potentials are more depolarized, could be a useful mechanism to rapidly coordinate activity within a local Mes V network or enhance incoming synaptic potentials occurring around the resonant frequency (Gutfreund et al. 1995; Hutcheon and Yarom 2000) .
